ABSTRACT. Salicylic acid degrades at different rates under UV-A light on TiO2, ZnO, CuO, Fe2O3, Fe3O4 and ZrO2 nanocrystals and all the oxides exhibit sustainable photocatalysis. While ZnO-photocatalysis displays Langmuir-Hinshelwood kinetics the others follow first order on [salicylic acid]. The degradation on all the oxides enhance with illumination intensity. Dissolved oxygen is essential for the photodegradation. ZnO is the most efficient photocatalyst to degrade salicylic acid. Besides serving as the effective photocatalyst to degrade salicylic acid it also acts as a bactericide and inactivates E.coli even in absence of direct light.
INTRODUCTION
Semiconductors under light of energy not less than the band gap produce electron-hole pairs, holes in the valence band (VB) and electrons in the conduction band (CB). Some of the photogenerated charge carriers move to the crystal surface and react with the adsorbed molecules or ions and thus bring in photocatalysis. 1 The hole reacts with adsorbed hydroxide ion or water molecule to generate short lived HO · radical which is the primary oxidizing agent. The adsorbed O 2 molecule picks up the CB electron transforming into highly active superoxide radical (O 2
·-
). In presence of moisture, O 2 ·-in turn produces reactive species like HO · , HO 2 · and H 2 O 2 which act as oxidizing agents. Because of the exceptional optical and electronic properties, chemical stability, non-toxicity and low cost, TiO 2 is a promising material for photocatalytic applications. ZnO also displays such characteristics and its band gap is close to that of TiO 2 ;
2 both the oxides require UV-A light for band gap excitation. Further, the CB and VB edges of ZnO do not differ significantly from those of TiO 2 .
2 The present work on photodegradation of salicylic acid shows the superior photocatalytic activity of ZnO. Small band gap semiconductors like CuO, Fe 2 O 3 , and Fe 3 O 4 and large band gap semiconductor such as ZrO 2 display poor photocatalytic activity. Salicylic acid is known for its ability to ease aches and pains and reduce fever. It is used as an anti-inflammatory drug. Although there are reports on photodegradation of salicylic acid they are with TiO 2 as photocatalyst. Chhor 
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Insoluble ceramics with inherent antibacterial activity are convenient to use. Our results reveal that ZnO, besides the bactericidal activity acts as an effective photocatalyst to degrade salicylic acid. That is, it is a photocatalyst-cumbactericide providing a two-in-one advantage. In this work Escherichia coli (E. coli) is employed as an index to assess the bactericidal activity. 
EXPERIMENTAL

Materials
Characterization techniques
The X-ray diffractograms (XRD) of the nanocrystals were obtained using a Bruker D8 system employing Cu Kα radiation at 1.5406Å in a 2θ range of o at a scan rate of 0.05 o s -1 with a tube current of 30 mA at 40 kV. Rich. Siefert model 3000 X-ray diffractrometer was also used to record the XRD. The UV-visible diffuse reflectance spectra (DRS) of the oxides were recorded with a PerkinElmer Lambda 35 or Varian-Cary 5E or Shimadzu UV-2450 spectrophotometer.
Estimation of salicylic acid Salicylic acid was estimated fluorimetrically or spectrophotometrically. The fluorescence spectra of salicylic acid of different concentrations were recorded using an Elico SL 174 spectrofluorimeter. The wavelength of excitation was 286 nm and 410 nm was the emission wavelength. A calibration curve was constructed to estimate salicylic acid in the test solution. Salicylic acid was also estimated spectrophotometrically by complexing with Fe 3+ in mildly acidic solution; 9 mL of the solution was mixed with 1 mL of 0.01 M ferric ammonium sulfate in 0.02 M HCl. The complex shows an absorption maximum at 527.5 nm and conforms to the Beer-Lambert law.
Photodegradation
A photoreactor with eight 8-W mercury lamps of wavelength 365 nm (Sankyo Denki, Japan) and highly polished aluminum reflector was employed for the photocatalytic study. The reactor was cooled by fans fixed at the bottom. Borosilicate glass tube of 15-mm inner diameter was used as the reaction vessel. Fresh solutions of salicylic acid were prepared and estimated fluorimetrically or spectrophotometrically. The volumes of solution used in multilamp photoreactor and microreactor were 20 and 10 mL, respectively. Air was bubbled through the reaction solution using a micro air pump that effectively stirred the solution and kept the suspended catalyst under constant motion. The air-flow rate was measured by soap bubble method. The dissolved oxygen was estimated using an Elico dissolved oxygen analyzer PE 135. The undegraded salicylic acid was estimated fluorimetrically or spectrophotometrically after separation of the catalyst. The exponential decrease of salicylic acid-concentration for a finite time of illumination (30 or 15 or 10 min) provided the degradation rates and the results were reproducible to ±5%. Procedure E. coli was inoculated in 10 mL of a nutrient broth and incubated for 24 h at 37 o C. The culture was centrifuged at 3500 rpm, washed twice with autoclaved 0.9% NaCl solution and suspended in 50 mL of 0.9% NaCl solution. The E. coli solution was successively diluted 10 9 -times with 0.9% NaCl solution to get about 100 to 200 colony forming units (CFU) on the Petri dish. 10 µL of the diluted E. coli was streaked on the MacConkey agar plate using a loop and incubated at 37 o C for 24 h. The CFU was counted by a viable count method.
Bacteria disinfection
To 25 mL of E. coli solution in a 150 mL bottle 20 mg of ZnO was added and shaken well continuously without any direct light. At different time intervals, one mL of the bacteria solution was removed, diluted stepwise and enumerated as stated already.
RESULTS AND DISCUSSION
Catalysts characterization
The XRDs of TiO 2 samples displayed in Fig. 1 λ is the X-ray wavelength, θ is the Bragg angle and β is the corrected line broadening. The specific surface areas of the nanoparticles have been deduced using the relationship S = 6/dρ, where S is the specific surface area, d is the mean particle size and ρ is the material density. Table 1 presents the results. 19 The displayed K-M plots are in total agreement with the expected band gaps of the studied oxides. 19 The band gap of ZrO 2 is very wide (about 5 eV) and hence does not show any significant absorption in the visible and UV-A region.
Characteristics of photocatalytic degradation
Langmuir-Hinshelwood kinetics on ZnO: Salicylic acid Table 2 shows that adsorption of salicylic acid under the experimental conditions but in dark is negligible. The fluorescence and UV-visible spectral-time scans of salicylic acid solution illuminated by UV-A light with the listed nanocrystals show continuous removal of salicylic acid. Fig. 3 is a typical fluorescence spectral-time scan of the acid solution illuminated with Fe 2 O 3 . The corresponding UV-visible spectral time-scan of salicylic acid complexed with Fe 3+ in mildly acidic solution is displayed in Fig. 4 . The exponential decrease of salicylic acid-concentration with illumination time reveals first-order photodegradation kinetics. Fig. 5 is a typical photodegradation time-profile. where K is the adsorption coefficient of salicylic acid on the illuminated surface of the nanocrystals and k is the surface pseudo-first-order rate constant. If the adsorption coefficient on the illuminated surface is too small so that 1 >> K[salicylic acid], the Langmuir-Hinshelwood kinetic equation reduces to the following simple first-order kinetic law:
where k* is the first-order rate constant and is equal to kK. That is, the degradation follows first-order kinetics under the experimental conditions studied. This accounts for the observed different photokinetic behaviors on the oxides. Here, it is pertinent to state that adsorption of substrate on illuminated surface is different from that on unilluminated surface, presented in Table 2 . The observed Lang- . Conditions as in Fig. 3 . muir-Hinshelwood kinetics of ZnO-photocatalysis and clean first-order kinetics on the surfaces of the rest of the oxides reveal that the photoadsorption is large on ZnO and negligible on the other oxides.
Other characteristics: The nanocrystals do not loose their photocatalytic activities on repeated usage. Reuse of the catalysts without any pre-treatment reveals sustainable photocatalysis by the oxides (Table 3 ). The photocatalysis requires dissolved oxygen. Deaeration of salicylic acid solution by purging nitrogen instead of air practically arrests the photodegradation in all the cases and Table 4 shows the measured degradation rates at different concentrations of dissolved oxygen. The dependence of salicylic acid-degradation on illumination-intensity is displayed in Fig. 8 . The enhancement of degradation with photon flux is nonlinear. Generally, the photocatalysis is to enhance linearly with light intensity at low photon flux but at high light intensity its dependence is on the square-root of photon flux. 20, 21 The present results conform to the same.
Figs. 6 and 8 show ZnO as the most efficient photocatalyst and Fe 3 O 4 as the least efficient. The order of photocatalytic activity is: ZnO > 7 nm-TiO 2 > 9 nm-TiO 2 > ZrO 2 > Fe 2 O 3 > CuO > Fe 3 O 4 . The least photocatalytic activity of Fe 3 O 4 may be attributed to its band gap energy. The order of photocatalytic activity of TiO 2 is in agreement with their average crystallite sizes. Smaller is the size lesser is the charge recombination. Further, decrease of crystallite size increases the surface area and the photocatalytic efficiency is proportional to the surface area. Although ZrO 2 is a wide band gap semiconductor its photocatalytic activity under UV-A light is well known.
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Bactericidal Activity Fig. 9 is the time profile of E. coli disinfection by ZnO in aqueous suspension in absence of direct light. In absence of the oxide the E. coli population remains unaffected during the experimental period displaying the bactericidal activity of the oxide. E. coli bacteria in 0.9% saline were used for the evaluation of the bactericidal activity. The cell population was determined by a viable count method on MacConkey agar plates after proper dilution of the culture. It is relevant to state that TiO 2 does not inhibit bacteria in absence of direct light.
CONCLUSIONS
Wurtzite ZnO is the most efficient photocatalyst to degrade salicylic acid under UV-A light. TiO 2 anatase, CuO, γ-Fe 2 O 3 , Fe 3 O 4 and ZrO 2 (monoclinic:tetragonal::0.34:0.66) also photocatalyze the degradation of salicylic acid. The ZnOphotocatalysis follows Langmuir-Hinshelwood kinetics whereas the others display first-order kinetics on [salicylic acid]. The degradation enhances with the light intensity and essentially requires dissolved oxygen. ZnO also acts as a bactericide and inactivates E. coli even in absence of direct light. 
